Abstract: A novel wide-band optical frequency shift technology by using a compact singlefrequency Brillouin fiber laser (BFL) configured with high-doped Er 3þ fiber and high nonlinear fiber (HNLF) is proposed and investigated experimentally. By adjusting variable optical attenuator (VOA) to eliminate the free-running oscillation in the fiber ring cavity, a stable single-frequency BFL will be considered as local oscillator (LO) for coherent detection in Brillouin optical time domain reflectometry (BOTDR) sensing system. The BFL operates at 1549.06 nm red-shifted 0.084 nm (about 10.5 GHz) from the pump seed laser. The laser signal-to-noise ratio (SNR) is larger than 50 dB and the laser linewidth is about 3.1 kHz. Applying the BFL to the BOTDR system, the measured results show that the beat frequency between the spontaneous Brillouin scattering (SBS) and the LO is about 420 MHz and the frequency fluctuation is less than AE2 MHz for 20-km sensing fiber.
Introduction
For the past two decades, distributed fiber sensors (DFS) based on Brillouin scattering in optical fiber have been researched widely for their potential application of monitoring temperature and strain in the structure health of public constructions [1] - [4] , which mainly include Brillouin optical time domain analysis (BOTDA) [1] , [2] and Brillouin optical time domain reflectometry (BOTDR) [3] , [4] . The former is a counter-propagating approach based on stimulated Brillouin scattering, and the latter is based on spontaneous Brillouin scattering (SBS), which needs only single-end launching and has the potential capability of simultaneous temperature and strain sensing. Frequency shift of Brillouin scattering in optical fiber is about $11 GHz red-shifted from that of the 1550-nm Brillouin pump, so how to detect the signal with conventional bandwidth detector and simplify the data processing become one of the key problems. Direct detection requires narrow filter (about 6 GHz, $0.048 nm) [5] or narrow bandwidth detector [6] to select Brillouin signal from all the backward scatterings, which is very difficult to realize. One of the effective solutions is to utilize coherent detection. The beat frequency between the backward Brillouin scattering and local oscillator (LO) may exclude the effect of Rayleigh scattering signal and obtain a good SNR. If the LO is the sensing laser itself, the coherent beat frequency is around $11 GHz, which will require a wide-bandwidth detector. In order to simplify this process and reduce the cost, an optical frequency shift technology is usually required. Pound-Drever-Hall frequency-locking Brillouin fiber laser (BFL) [3] , [7] and mode-locked Brillouin fiber ring laser [8] have been reported as the LO for the Brillouin sensing system; however, the active feedback control device is relatively complicated. In [9] , the first-order sideband of electrooptic modulator (EOM) was employed for the wide-band frequency shift in which the EOM performance was associated with the bias voltage and the microwave generator [10] . Stimulated Brillouin scattering of single fiber was also utilized as the LO by placing the fiber in a surrounding without temperature variation and environment vibration [11] , but this condition is difficult to realize due to the long fiber length (larger than 1 km).
Recently, it has been reported a compact bismuth-based erbium-doped fiber (Bi-EDF) Brillouin laser with 2.15-m cavity length [12] , and the stable single-wavelength laser in the extended L-band region was output. Based on the similar principle, we construct a compact ring cavity BFL operating in the C-band region as the LO for coherent detection in BOTDR sensing system by using two specific type fibers [high-doped Er 3þ fiber and high nonlinear fiber (HNLF)]. Performances of the BFL are investigated in detail, including different operating states and its linewidth. The laser SNR is larger than 50 dB and the linewidth is about 3.1 kHz at À3 dB. The gain bandwidth of stimulated Brillouin scattering of HNLF can be used as a narrowband filter to select the single-frequency output. The proposed BFL operates at 1549.06 nm red-shifted 0.084 nm (about 10.5 GHz) from the pump single-frequency seed laser. Applying the BFL to BOTDR system, the measured results show that the beat frequency between the SBS and the LO is about 420 MHz and the frequency fluctuation is less than AE2 MHz for longer than 20 km sensing fiber.
Design of Compact BFL
The proposed compact BFL configuration is shown in Fig. 1 , which consists of a three-port circulator, a 980/1550-nm wavelength division multiplexer (WDM), 1-m high-doped Er 3þ fiber with gain coefficient 40 dB/m (LIEKKI ER40-4/125, provided by nLIGHT Inc.) and 10-m HNLF with nonlinear coefficient larger than 10 W À1 km À1 (provided by YOFC Ltd.), an isolator (ISO), a VOA, and a 1:9 coupler. The cavity length of BFL is about 12 m, and the corresponding interval of longitudinal mode is about 16.7 MHz. The whole BFL is placed into a constant temperature chamber with the smallest resolution less than 0.01 C. The pump seed laser amplified by WDM and Er 3þ fiber is launched into the HNLF through the circulator in the clockwise direction. The backscattering stimulated Brillouin will be oscillating in the anticlockwise direction and amplified inside the fiber ring, finally forming the Brillouin laser. The isolator in the cavity ring avoids the amplified seed laser oscillating in the clockwise direction and simultaneously compress higher order stimulated Brillouin scattering generation. The variable optical attenuator (VOA) is used to adjust the cavity loss to change the laser operation states, which will influence the beat signal of SBS/LO in the BOTDR sensing system. The coupler provides feedback by 90% throughout port and output by 10% coupled port. The output laser is measured by an optical spectra analyzer (OSA; AQ6317C, ANDO Inc) with the smallest resolution of 0.01 nm. In order to optimize the BFL performances and obtain the stable beat frequency information in the following BOTDR sensing system, a high-power pump seed laser with stable linear polarization and super-narrow linewidth in C-band will be very important. In our scheme, a short-cavity (about 2.2-cm) fiber laser configured with Er 3þ =Yb 3þ highly codoped phosphate glass fiber is adopted [13] . The important components in the laser cavity are a piece of 1.4-cm phosphate fiber with 3.2 dB/cm near 1550 nm provided by South China University of Technology, a high-reflectivity fiber Bragg grating with 99.9% reflectivity written in a Corning HI 1060 FLEX fiber, and a polarization-maintaining fiber Bragg grating with 68% reflectivity imprinted in a panda polarization-maintaining fiber. The two gratings have the matched wavelength of 1548.976 nm. The three components are placed in the standard ceramic ferrule to constitute the laser cavity by means of physical contacting and alignment. Its output power is larger than 100 mW, the SNR is larger than 70 dB, the linewidth is about 4.1 kHz at À3 dB, the linear polarization is 40.5-dB extinction ratio, the power fluctuation is less than AE0.25%, and the frequency fluctuation is less than AE100 kHz/ms. When the pump seed laser is not connected, the free-running oscillation operates in 1531.4 nm from amplified spontaneous emission (ASE), and this is shown in Fig. 2(a) . As we know, the gain spectrum of Er 3þ doped fiber amplifier (EDFA) has a gain peak near 1535 nm. Without any filter in the ring cavity, the free-running oscillation would appear here firstly because of gain competition. Limited by the resolution of the OSA, the measured optical spectrum looks like a single wavelength. But the laser cavity is not very short; the actual output is multilongitudinal modes and the modes spacing is about tens of hertz. Connecting the pump seed laser into the BFL, both of the free-running oscillation and the Brillouin laser will be generated simultaneously as shown in Fig. 2(b) . The BFL wavelength is 1549.060 nm, which is red-shifted about 0.084 nm (10.5 GHz; inserted figure) from the pump seed laser. It is found that the free-running oscillation operates in the state of multiple longitudinal modes, which is decided by the laser cavity length of 12 m. This multiple longitudinal mode operation will influence the coherent detection largely in the BOTDR sensing system. Therefore, an effective solution to suppress the free-running oscillation will be required. Adjusting the VOA in laser cavity to add the cavity loss, the free-running oscillation will be suppressed gradually as shown in Fig. 2(c) . The mechanism could be illustrated as 
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Wide-Band Frequency Shift Technology following: in the BFL, there exist two kinds of gains including the EDFA and the stimulated Brillouin amplification. The EDFA gain effect is the same for the free-running oscillation and the Brillouin laser, while the stimulated Brillouin amplification is effective only for the Brillouin laser. So the gain in the ring cavity is bigger for the Brillouin laser than that for the free-running oscillation. If the cavity loss is more than the gain of EDFA and at the same time less than the total effects of EDFA amplification and stimulated Brillouin gain, the free-running oscillation could be suppressed, and the output is only Brillouin laser. Then, the BFL performances are improved and its SNR is larger than 50 dB. Due to the BFL spectrum is very narrow, the homodyne spectrum method [14] , [15] using Mach-Zehnder interferometer with the 30-km delay line is applied to measure the laser linewidth, and the corresponding homodyne signal is presented in Fig. 3 . The lineshape of the signal can be reconstructed by Lorentzian fitting [14] . In order to reduce the measurement error, we first estimate that the homodyne full width at À20 dB below the peak of the homodyne signal is 62 kHz, and then, the obtained Lorentzian linewidth is 3.1 kHz at À3 dB. It should be noticed that the Brillouin gain spectrum of HNLF is Lorentzian shape and then can be used as a narrowband gain filter to select the singlefrequency output. Due to the interval of longitudinal modes is about 16.7 MHz, only two or three longitudinal modes will exist in the bandwidth of HNLF Brillouin gain spectrum (about 35 MHz). The Brillouin gains of these modes are different. The gain competition between them results that the fiber has one mode output, which will be easy to form the single longitudinal mode operation in this compact laser structure [16] .
BFL Application and Analysis in BOTDR Sensing System
In order to verify the performance of the above proposed BFL, a BOTDR fiber sensing system is built and this is shown in Fig. 4 . A short-cavity single-frequency stable linear polarization fiber laser [13] at 1548.976 nm is used as the seed laser in our sensing system. Part of the seed laser is modulated by an acousto-optic modulator (AOM; Model MT160-IIR10-FIO, AA Inc.) to generate pulse sequence with repetition rate of 4 kHz and pulsewidth of 100 ns. The modulated pulse is amplified properly, avoiding stimulated Brillouin scattering in the sensing fiber, by an EDFA and then launched into long sensing fiber to generate the backward SBS. Another part of the seed 
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source is used to pump the above proposed BFL. The SBS carries local information of temperature and strain along the sensing fiber. The coherent heterodyne detection is accomplished by injecting the LO and SBS into a 1:1 coupler and a double-balanced photodetector (DB-PD; New Focus 1617-AC, Newport) and then amplified by a tunable microwave amplifier (MWA, ALPHALAS). All the data are collected by high-speed data-acquisition card (DAQ; Gage, Model CS82G, 3GS/s sample rate), where the data acquisition is synchronous with the signal generator of the AOM. Acquisition and analysis of sensing signal are real-time processed by a home-built LabVIEW-based program. In our system, the backward scattering power (including SBS and Rayleigh scattering, etc.) is about $200 nw. In our experiment, 100-ns modulated pulse is incident into the sensing fiber and the original beat signal from the MWA in the time domain is shown in Fig. 5 . The beat-signal envelop decreases linearly with time resulted from the inherent attenuation coefficient 0.2 dB/Km in the sensing fiber. Due to length of the sensing fiber is 20 km, the corresponding SBS pulse is about 200 s. While acquisition of the backward Brillouin information, the beat signals of Rayleigh scattering/LO and background component will be filtered out because of the DB-PD response bandwidth (10 kHz $ 800 MHz). In order to obtain the sensing information of whole fiber link (temperature or strain), the beat information (in Fig. 5 ) should be demodulated. Fig. 6 shows the typical fast Fourier transform (FFT) spectra of the SBS/LO beat pulse signal for about 100 times average without or with freerunning oscillation suppression. The central frequency of FFT is about 420 MHz, which is decided by the Brillouin frequency-shift difference between the HNLF and the sensing fiber. The SBS in the sensing fiber is frequency downshifted from the pump seed laser, and the BFL is also frequency downshifted from the same seed laser. Difference between the two frequency downshifts is about 420 MHz. Comparing Fig. 6(a) with (b) , multiple beat frequencies appear on the envelope of the SBS/LO beat signal when the free-running oscillation is not eliminated, which will misjudge the peak-value frequency of Lorentz fitting and influence the sensing system measurement resolution. These multiple peaky frequency signals are induced by the mutual beat of longitudinal modes from the free-running oscillating, and part of the beat frequency is located into the DB-PD response bandwidth (10 kHz $ 800 MHz). This is verified by the frequency interval of 16.7 MHz. When the free-running oscillation is suppressed completely, the multiple beat frequency signals between longitudinal modes will disappear thoroughly as shown in Fig. 6(b) , in which the peak frequency will be easy to be obtained by the Lorentz fitting. Both the SNR and bandwidth are also improved compared with that of free-running oscillating. They are larger than 15 dB and narrower than 40 MHz, respectively.
The distributed SBS/LO beat frequency along the whole sensing fiber link can be rapidly demodulated by the LabVIEW program. 100-ns time domain pulsewidth is corresponding to 10-m spatial resolution in the sensing fiber. Every effective beat frequency signal is extracted for 100 times averaging where the peak-value frequency by Lorentz curve fitting is considered as the frequency information of the 10-m spatial distance. Fig. 7 shows the distributed frequency information along the whole sensing fiber link without/with suppressing free-running oscillation. Comparing with the severe frequency fluctuation without suppressing free-running oscillation, the frequency stability is improved greatly with the free-running oscillation is suppressed gradually and it is less than AE2 MHz, which is corresponding to the temperature resolution AE2 C or the strain resolution AE40 ". The last 200-m fiber is put in a constant temperature water bath, which is set at 50 C, and then, the frequency distribution is shown in Fig. 7(c) . It is found that the frequency is about 27 MHz more than that of the other fiber, which is in a chamber of 25 C. Finally, some analysis for the frequency fluctuation should also be discussed. The sensing fiber in Fig. 7(b) is put into a chamber with temperature and vibration isolation layer, which means that the Brillouin frequency shift of the sensing fiber will not be influenced by external environment instantaneously. Then, the fluctuation of frequency distribution in Fig. 7(b) should be from the BFL. Although a thermoelectric cooler (TEC) device has been used to control the temperature of BFL cavity, a small temperature gradient still exists between the active fiber and the TEC refrigeration when the thermal equilibrium is achieved. Since the cavity length of BFL is still long, thus, an accurate temperature control for fiber cavity ðG 0:01 CÞ will be very difficult, and this is the primary reason of frequency fluctuation AE2 MHz. In order to further improve the BFL performance, shorter laser cavity and more compact laser structure will be adopted [12] , [17] , and this will be our following work.
Conclusion
We have demonstrated a novel wide-band optical frequency shift technology by using a compact single-frequency BFL configured with high-doped Er 3þ fiber and HNLF. By adjusting VOA to eliminate the free-running oscillation in the laser cavity, a stable single-frequency Brillouin laser will be obtained, which could be used as the LO for coherent detection in BOTDR sensing system. The BFL characteristics are investigated, and its application in the BOTDR sensing system is analyzed and discussed in detail. 
